Although posttranslational protein modifications are generally thought to perform important cellular functions, recent studies showed that a large fraction of phosphorylation sites are not evolutionarily conserved. Whether the same is true for other protein modifications, such as N-glycosylation is an open question. N-glycosylation is a form of cotranslational and posttranslational modification that occurs by enzymatic addition of a polysaccharide, or glycan, to an asparagine (N) residue of a protein. Examining a large set of experimentally determined mouse N-glycosylation sites, we find that the evolutionary rate of glycosylated asparagines is significantly lower than that of nonglycosylated asparagines of the same proteins. We further confirm that the conservation of glycosylated asparagines is accompanied by the conservation of the canonical motif sequence for glycosylation, suggesting that the above substitution rate difference is related to glycosylation. Interestingly, when solvent accessibility is considered, the substitution rate disparity between glycosylated and nonglycosylated asparagines is highly significant at solvent accessible sites but not at solvent inaccessible sites. Thus, although the solvent inaccessible glycosylation sites were experimentally identified, they are unlikely to be genuine or physiologically important. For solvent accessible asparagines, our analysis reveals a widespread and strong functional constraint on glycosylation, unlike what has been observed for phosphorylation sites in most studies, including our own analysis. Because the majority of N-glycosylation occurs at solvent accessible sites, our results show an overall functional importance for N-glycosylation.
Introduction
Posttranslational protein modification increases the diversity of protein function and is involved in a wide range ofcellular processes, such as regulation and signaling. Nglycosylation is a form of cotranslational and posttranslational modification that occurs by enzymatic addition of a polysaccharide, or glycan, to an asparagine (N) residue of a protein, via complex biochemical pathways (reviewed in Freeze 2006 and Varki 2009) . Most proteins that travel through the endoplasmic reticulum-Golgi conduit are Nglycosylated. Case studies have shown that N-glycosylation plays important roles in protein folding and stability, cellcell recognition, signaling, and other cellular processes (Freeze 2006; Ohtsubo and Marth 2006; Varki 2009) , and the positions glycosylated in a glycoprotein appear conserved (Freeze 2006) . Further, a recent analysis found enzymes responsible for glycan synthesis to be conserved in sequence evolution (Montanucci et al. 2010) . Defects in glycan synthesis or structure have been implicated in over 30 human diseases, affecting almost all organ systems (Freeze 2006; Lau and Dennis 2008) . For example, congenital disorders of glycosylation (CDG), previously known as carbohydrate deficient glycoprotein syndromes (Hagberg et al. 1993) , are a group of rare but severe genetic diseases (Jaeken and Matthijs 2001; Schachter and Freeze 2009 ). Due to serious infections and organ failures in the first several years of life, childhood mortality of CDG is as high as 20% (Matthijs et al. 2000; Kjaergaard et al. 2001) . Furthermore, the deficiency of N-glycosylation pathways causes autoimmune diseases (Ohtsubo and Marth 2006; Green et al. 2007 ). Conversely, misglycosylation can be harmful. For example, a point mutation creating an extra N-glycosylation site in fibrillin 1 affects the processing and proper assembly of monomers of fibrillin-1, resulting in neonatal Marfan syndrome (Lonnqvist et al. 1996) . Although N-glycosylation occurs in thousands of proteins, it remains unclear what fraction of it is functionally important. This question is relevant because not all protein modifications are functionally important. For example, it was reported that a sizable fraction of phosphorylation sites are evolutionary unconserved and therefore are unlikely to have important physiological functions (Lienhard 2008; Holt et al. 2009; Landry et al. 2009; Chen et al. 2010) .
A recent large-scale proteomic study identified N-glycosylation sites in vivo from four organs (brain, liver, kidney, and heart) and the blood plasma of the laboratory mouse (Zielinska et al. 2010 ). They identified 6,367 N-glycosylated sites (referred to as N þ sites) on 2,352 proteins (referred to as glycoproteins) and confirmed that the vast majority (96.5%) of N þ sites are followed by the canonical motif of !P-[SjT]-!P, where !P is not proline and [SjT] is serine or threonine. These authors also found that mouse glycoproteins are more likely than nonglycoproteins to have one-to-one orthologs in other vertebrates (Zielinska et al. 2010) . Nevertheless, it is unknown whether glycosylated asparagines are more conserved than nonglycosylated asparagines, which would be expected if a large proportion of glycosylation is functionally important. In this study, we test the above hypothesis by a comparative genomic analysis of N-glycosylation sites.
Materials and Methods
Mouse N-glycosylation sites were determined by Zielinska et al. (2010) , who developed a filter aided sample preparation method in which glycopeptides are enriched by binding to lectins on the top of a filter and mapped 6,367 N-glycosylation sites on 2,352 proteins in four mouse tissues and blood plasma using high-accuracy mass spectrometry. This data set was downloaded from the supplementary materials in Zielinska et al. (2010) .
For comparison, we also analyzed a recently published data set of phosphorylation sites experimentally determined in a large-scale proteomic study from nine mouse tissues (brain, brown fat, heart, liver, lung, kidney, pancreas, spleen, and testis) (Huttlin et al. 2010) . The data set included nearly 36,000 phosphorylation sites (83% serines, 15% threonines, and 2% tyrosines) from 6,296 proteins.
One-to-one orthologous proteins between mouse and rat, mouse and human, and mouse and chicken were obtained from ENSEMBL (http://www.ensembl.org/index.html) (Release 59). The orthologous protein sequences were aligned using MUSCLE (Edgar 2004 ) with the default option. Protein pairs with sequence identities lower than 50% in the aligned regions were excluded from subsequent analyses. SABLE 2.0 (Wagner et al. 2005 ) was used to predict the solvent accessibility of N-glycosylation sites in mouse.
Results and Discussion

Glycosylated Asparagines Evolve More Slowly Than Nonglycosylated Asparagines
To investigate the evolutionary rate of glycosylated N residues, we obtained one-to-one orthologous protein sequences from mouse and rat. We first focused on the mouse-rat comparison because using closely related species reduces the uncertainty in ortholog identification and sequence alignment, the latter being particularly important in the subsequent analysis of motif conservation (Balla et al. 2006 ). There are 3,543 experimentally identified mouse N þ sites in the set of 1,322 mouse-rat orthologous proteins. We compared the N þ sites with the remaining 34,215 N residues in the same glycoproteins, hereafter, named nonglycosylated N sites or N 0 sites. This comparison naturally controls the impact of protein expression level on both glycoprotein identification and the rate of protein sequence evolution (Liao et al. 2006) . We computed the fractions (r) of mouse N þ and N 0 sites that are no longer occupied by N in rat, which are approximate amino acid substitution rates (uncorrected for multiple hits) at N þ and N 0 sites. We found r to be 29.6% lower for N þ sites (0.062) than for N 0 sites (0.088) (P , 0.0001, v 2 test; fig. 1A ), indicating that a glycosylated N is on average more conserved than a nonglycosylated N. This difference was further confirmed by randomly picking the same number of N 0 sites as the number of N þ sites in each glycoprotein and then comparing the evolutionary rates of N þ and N 0 sites (0.066 vs. 0.117; P , 0.0001).
In the above analysis, we assumed no false negative in the experimental detection of N þ sites from the identified glycoproteins. To reduce the impact of potential false negatives, we define N À sites as those N 0 sites in the identified glycoproteins that are not followed by a canonical motif. In other words, N À sites are more likely than N 0 sites to be truly nonglycosylated. A total of 30,240 N À sites were identified from 34,215 N 0 sites. We found r to be slightly greater for N À sites (0.090) than for N 0 sites (0.088), but the difference is not statistically significant (P 5 0.38; fig. 1A ). Thus, the potential false-negative errors in the experiment have no significant impact on our analysis. For this reason, we use N 0 rather than N À sites in all subsequent analyses. To further confirm our finding of a reduced r for N þ compared with N 0 sites, we conducted similar analyses by comparing mouse with human and chicken ( fig. 1A) 
Conservation of Canonical Motifs Following Conserved Glycosylated Sites
The evolutionary conservation of N þ sites relative to N 0 sites is presumably caused by the widespread importance of N-glycosylation. Under the assumption that the canonical motif for N-glycosylation is the same across vertebrates, we predict that the canonical motif following an N þ should also be conserved if the N þ site is evolutionary conserved; this would not be the case for an unconserved N þ . Indeed, 94% of mouse N þ sites that are both conserved in rat and followed by canonical motifs in mouse are also followed by canonical motifs in rat ( fig. 2) . By contrast, the conservation of canonical motifs is only 51% when unconserved N þ sites are examined ( fig. 2 ). This difference (P , 0.0001) confirms that the conservation of N þ is most likely caused by the importance of glycosylation. Similar results were obtained from mouse-human and mouse-chicken comparisons ( fig. 2 ).
Regional Variation in Substitution Rate
To confirm that the lower r at N þ sites than N 0 sites is not due to preferential localization of N þ sites to more conserved regions of protein sequences, we compared substitution rates of neighboring residues of N þ and N 0 sites. Interestingly, r is generally higher in the neighborhood of fig. 3) , which is part of the canonical motif. Thus, our finding of the conservation of N þ residues is not due to preferential localization of N þ sites to more conserved regions of proteins. Rather, N þ sites tend to be located in regions with relatively high substitution rates, which is likely due to preferential localization of N þ on protein surfaces (see below).
Substitution Patterns of Unconserved Asparagines
Our inference of functional constraint on glycosylation from the disparity in substitution rate between N þ and N 0 sites is based on the assumption that the only factor causing the substitution rate difference between N þ and N 0 sites is glycosylation. To validate this assumption, we compared the substitution patterns of N þ and N 0 sites, because, under our assumption, the substitution patterns should be the same when an N is substituted. This is indeed the case for the mouse-rat (P 5 0.33, v 2 test), mouse-human (P 5 0.92), and mouse-chicken (P 5 0.19) comparisons ( fig. 4) . This observation verifies our assumption and thus supports our inference of selection on glycosylation from the difference in substitution rate between N þ and N 0 sites.
No Redundancy Among Multiple Glycosylated Sites Within a Protein
It was reported that, although the presence of a phosphorylation site may be important for a protein, the exact position of the phosphorylation site in the protein is unimportant and can shift in evolution ( MBE glycoproteins have the same number of functional N þ sites. However, there is no significant correlation between the number of N þ sites in a protein and the ratio (rank correlation 5 À0.27, two tail P 5 0.45), providing no support for functional redundancy of multiple N þ sites within a protein. We also confirmed this result in the mouse-human comparison ( fig. 5 ). In the mouse-chicken comparison, however, a significantly negative correlation was observed ( fig. 5 ), suggesting that each N þ site becomes more important relative to each N 0 site as the number of N þ sites per glycoprotein increases. Although the cause of this phenomenon is unclear, we note that the significance of the correlation is weak (P 5 0.031), and it might have been an artifact of multiple testing because three tests were conducted here (fig. 5 ). The inconsistency in the direction of the correlation among the three comparisons ( fig. 5) is consistent with the interpretation that the significance in the mouse-chicken comparison is spurious. In sum, there is no indication of functional redundancy of multiple N þ sites within a glycoprotein.
N-Glycosylation at Solvent Accessible and Inaccessible Sites
N-glycosylation sites are known to be enriched on the surface of folded proteins (Zielinska et al. 2010) . Because surface (i.e., solvent accessible) residues tend to evolve faster than buried (i.e., solvent inaccessible) residues of the same proteins (Goldman et al. 1998; Bustamante et al. 2000; Lin et al. 2007 ), all of the differences in substitution rate between N þ and N 0 calculated thus far are conservative estimates. Nonetheless, it is interesting to ask whether there is a difference in the importance of glycosylation at solvent accessible sites and inaccessible sites. We computed solvent accessibility scores of all N residues of mouse glycoproteins using SABLE 2.0 (Wagner et al. 2005) . As expected (Zielinska et al. 2010) , the median solvent accessibility score of N þ sites (3.8) is significantly greater than that of N 0 sites (3.4) (P , 0.0001, Mann-Whitney U test; fig. 6A ). The enrichment of N þ relative to N 0 residues occurs at sites with a solvent accessibility score .3 ( fig. 6A ). For simplicity, we refer to N sites with a solvent accessibility score below 3 as solvent inaccessible sites and the rest as solvent accessible sites, as was previously defined (Chen et al. 2010 ). Compared with an N 0 , an N þ is two times more likely to be found at a solvent accessible site than at an inaccessible site (P , 0.0001). Note that the transmembrane residues of membrane proteins have very low solvent accessible scores, consistent with the rare occurrence of N-glycosylatioin in transmembrane regions.
Interestingly, we found that the fraction of residues that are unconserved between mouse and rat is comparable between N þ and N 0 at solvent inaccessible sites ( fig. 6B ). At solvent accessible sites, however, this fraction becomes significantly lower for N þ sites than for N 0 sites ( fig. 6B ). These observations suggest that N-glycosylation at solvent inaccessible sites (24.4% of all N þ sites) may be experimental artifacts or functionally unimportant. Among solvent accessible sites, the fraction of unconserved N þ sites between mouse and rat is 45% lower than that of unconserved N 0 sites (P , 0.0001), suggesting that the functional constraint on N-glycosylation that occurs on solvent accessible sites is quite strong. A similar distinction between solvent accessible and inaccessible sites is observed in mouse-human and mouse-chicken comparisons ( fig. 6B) .
To verify the above finding, we conducted an additional test using the mouse-rat comparison. We identified all mouse canonical motifs following conserved N þ sites. We then calculated the fraction (f þ ) of the above motifs that are unconserved in rat. More specifically, we calculated f þ for those mouse N þ sites that are solvent accessible (f þA ) and those N þ sites that are solvent inaccessible (f þI ), respectively. Similarly, we identified all mouse canonical motifs following non-N sites that are also non-N in rat. We then calculated the fraction (f À ) of the above motifs that are unconserved in rat. We further calculated f À for those mouse non-N sites that are solvent accessible (f ÀA ) and those non-N sites that are solvent inaccessible (f ÀI ), respectively. As expected, we found f þA (0.078) to be significantly lower than f ÀA (0.100) (P , 0.0003; fig. 6C ), reflecting the functional relevance and therefore the evolutionary conservation of the canonical motifs following conserved solvent accessible N þ . By contrast, f þI (0.076) is not lower than f ÀI (0.075), suggesting the lack of conservation of the canonical motifs following solvent inaccessible N þ ( fig. 6C ). These MBE results further support the distinction between glycosylation at solvent accessible and inaccessible asparagines. Note that we did not compare between f þA and f þI or between f ÀA and f ÀI because they cannot be directly compared due to the generally faster evolution of solvent accessible regions than inaccessible regions. We conducted similar tests for the mouse-human comparison and mouse-chicken comparison. Although we found both f þA , f ÀA and f þI , f ÀI in each of these two comparisons, (f ÀA À f þA ) is always greater than (f ÀI À f þI ) ( fig. 6C ), reflecting stronger conservations of canonical motifs following solvent accessible N þ than inaccessible N þ . Together, these findings suggest that N-glycosylation in solvent inaccessible sites represents to a certain degree experimental artifacts or physiological unimportance. The observation of a significantly lower f þI than f ÀI in the mouse-human and mouse-chicken comparisons suggests that some conserved N þ sites at solvent inaccessible sites may still be functional. It is also possible, although less likely, that this observation is entirely due to inaccurate predictions of solvent accessibility.
Comparison Between the Evolution of N-Glycosylation Sites and Phosphorylation Sites
To directly compare the evolutionary rates of N-glycosylation sites and phosphorylation sites, we analyzed mouse proteins that have been experimentally shown to contain 
FIG. 7.
Fraction of unconserved asparagine (N) residues depends on glycosylation, whereas that of unconserved serine (S), threonine (T), and tyrosine (Y) residues does not depend on phosphorylation. The comparison is made between mouse proteins that are subject to both glycosylation and phosphorylation and their rat orthologs. The number of residues considered in each sample is provided in each bar. Error bars indicate standard errors.
Park and Zhang · doi:10.1093/molbev/msr055 MBE both types of modifications. We found r to be significantly greater for N 0 sites (0.0687) than for N þ sites (0.0401) in Nglycosylation sites (P , 0.0001; fig. 7 ). By contrast, there is no significant difference in r between phosphorylated and nonphosphorylated S, T, and Y sites ( fig. 7) . Thus, N-glycosylation imposes a stronger selective constrain than phosphorylation in general.
Conclusions
In summary, we found solvent accessible N-glycosylation to be generally functionally constrained and solvent inaccessible N-glycosylation to be much less constrained. Because the majority of N-glycosylation events occur at solvent accessible sites, most N-glycosylations are likely to be functionally important. We also found no indication of functional redundancy among multiple glycosylation sites of a glycoprotein. These features contrast recent observations on phosphorylation sites, where only a minority of sites are likely to be functionally constrained and the locations of phosphorylated residues in a protein do not seem to matter (Holt et al. 2009 ). These differences illustrate the complexity and diversity in the function and evolution of various posttranslational modifications. Although additional evolutionary questions about N-glycosylation (e.g., species specificity and tissue specificity; Varki 2009) remain to be addressed in the future, our work opens the door to genome-wide understanding of the functional importance and evolution of N-glycosylation.
